Plants of the Amaryllidaceae family have been used as therapeutic agents against CNS related maladies such as Alzheimer's disease. The known primary alkaloid constituents have significant biological activity. We identified the Lycoris alkaloids lycorine and lycoricidinol from Amaryllidaceae using a real-time reporter gene assay system based on NIH3T3 cells. These alkaloids have a wide spectrum of pharmacological actions and dose-dependently lengthen the circadian period. When cells that had been incubated with lycorine or lycoricidinol were washed and then incubated without these alkaloids, period length reverted to that of control cells, suggesting that elongation of the circadian period induced by lycorine and lycoricidinol is reversible. Although one of its major activities is the inhibition of protein synthesis, lycorine induced dose-dependent period elongation regardless of the presence of cycloheximide and moreover, cycloheximide, itself did not affect period length, suggesting that lycorine dose-dependently extends the circadian period by a mechanism other than translational inhibition. Realtime RT-PCR showed that lycorine enhanced RORα and Bmal1 transcription, and exogenous expression and knockdown of Bmal1 also caused long and short periods, respectively, thus confirming the phenotype indicated by lycorine. These data indicate that lycorine and lycoricidinol modulate Bmal1 transcription and the circadian period, and also suggest that Lycoris alkaloids are novel contributors to the control of period length in mammalian cells.
Introduction
Circadian clocks align behavioral and biochemical process with the day/night cycle. The molecular mechanism of the circadian oscillator consists of autoregulatory transcriptional and translational feedback loops that have both positive and negative elements. Among the core clock genes, Bmal1 is apparently 408 essential and non-redundant in the mammalian clock and its expression level robustly oscillates in central and peripheral clock cells [1] . Therefore, Bmal1 transcription should be closely associated with circadian rhythms. The Bmal1 promoter contains two recognition motifs for ROR and REV-ERB orphan nuclear receptors (ROREs) as the critical elements for Bmal1 oscillatory transcription [2] . In addition, the ROREs are embedded in a unique chromatin structure consisting of GC-rich open chromatin, with which the nuclear matrix-like structure at the 3'-flanking region cooperates to regulate Bmal1 transcription [3] . The master clock that generates circadian rhythms in mammals is located in the suprachiasmatic nucleus (SCN) of the hypothalamus where it controls all aspects of physiology such as sleep-wake cycles, body temperature, hormone secretion, blood pressure and metabolism. Coordination among such aspects of physiology by the circadian clock is essential to optimize metabolic responses and strengthen inherent homeostatic regulatory mechanisms [4] . The circadian clock generates robust rhythms coupled with changes in the cellular environment. Thus, circadian dysfunction is considered to contribute to the incidence and severity of a wide range of clinical and pathological conditions including sleep disorders, cancer, depression, metabolic syndrome and inflammation [5] . Symptoms of disturbed circadian rhythms such as day-time agitation, night-time insomnia and restlessness often develop at some stage of Alzheimer's disease [6] .
Various herbaceous plant families have been used as therapeutic agents against CNS-related maladies such as Alzheimer's disease for thousands of years [7] . Members of the Amaryllidaceae family are among the top 20 most widely applied medical plants, from which many pharmacologically active compounds including alkaloids, phenols, lectines and peptides have been isolated. Almost 500 structurally diverse alkaloids with significant biological activity have been isolated from the Amaryllidaceae family [8] . Galantamine, an alkaloid isolated from the bulbs and flowers of Galanthus woronowii (Amaryllidaceae), has been an effective treatment for mild to moderate Alzheimer's disease [9] .
Natural products, especially alkaloids from herbal plants exhibit a range of biological activities. Recently, we found that the herbal alkaloid, harmine has potential as anti-inflammatory agents that can suppress TNF-α and NO production [10] . We also found using a customdesigned assay for circadian oscillation in vitro that harmine extends the circadian period [11] . The Amaryllidaceae alkaloid, lycorine (3, 12-didehydro-9, 10-[methylenebis(oxy)]-galanthan-1α, 2β-diol) also suppressed TNF-α and NO production, indicating powerful anti-inflammatory activity [10] . Lycorine also has antiviral and antimalarial properties as well as the ability to inhibit protein synthesis and cell growth [12] . In addition, lycorine inhibits acetylcholinesterase activity, which might restore the acetylcholine levels and cholinergic functions of the brains of patients with Alzheimer's disease [13] . Lycorine might affect circadian rhythms, but this has yet to be proven.
Here, we determined the effects of the Lycoris alkaloids, lycorine and lycoricidinol on the circadian oscillation of Bmal1 transcription in vitro.
Materials and Methods

Chemicals
Restriction and modifying enzymes were purchased from TOYOBO (Osaka, Japan). Cell culture materials were obtained from Invitrogen. Lycoricidinol was prepared as described [10] . Briefly, lycoricidinol was extracted from bulbs of Lycoris radiate with ethanol and purified by silica gel column chromatography (methanol/ethyl acetate) followed by reverse phase column chromatography (Wakogel 100C18) with 0 -50% methanol in water as the solvent. Other chemicals used were of the highest quality available from Sigma.
Cell culture
Stable cells containing the luciferase reporter gene driven by the Bmal1 promoter region (-197 to +27) were established from NIH3T3 cells as described [11] . Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and a mixture of penicillin and streptomycin in a humidified incubator at 37°C under a 5% CO 2 atmosphere.
Real-time reporter gene assays
Real-time reporter gene assays proceeded as described [3] . Stable reporter cells were stimulated with 100 nM dexamethasone for 2 h and then incubated with DMEM containing 0.1 mM luciferin (Promega), 25 mM HEPES (pH 7.2) and 10% FBS. Bioluminescence was measured and integrated for 1 min at 10-min intervals using a Kronos AB-2500 (ATTO). Data were detrended by subtraction of a best fit line and subsequent fitting to a sine wave to determine circadian period length as described [14] .
Cell growth assay
Stable cells (2 x 10 4 was measured using a microplate reader (Bio-Rad) at 450/655 nm.
Real-time quantitative RT-PCR
Real-time quantitative RT-PCR proceeded as described [3] . Total RNA was prepared using acid guanidinium thiocyanate-phenol-chloroform. First strand cDNA synthesized from RNA (1 µg) using PrimeScript RT-PCR kit (TAKARA, Osaka, Japan) was amplified using a LightCycler (Roche) and the Light Cycler-FastStart DNA Master SYBR Green I kit (Roche) with the following primer sequences: Actin, 5'-TAC GCC AAC ACA GTG CTG TCT G-3' and 5'-TTT TCT GCG CAA GTT AGG TTT TGT C-3'; Bmal1, 5'-GGA CTT CGC CTC TAC CTG TTC A-3' and 5'-AAC CAT GTG CGA GTG CAG GCG C-3'; RORα, 5'-CCA ACC GTG TCC ATG GCA GAA C-3' and 5'-GCA CAC AGC TGC CAC ATC ACC T-3'. The PCR products cloned into the pGEM-T Easy vector (Promega) served as an authentic template. Relative expression levels were evaluated using Light Cycler software version 3.5.
Western blotting SDS-PAGE and Western blotting proceeded as described [11] . Briefly, proteins were resolved by 9% SDS-PAGE and transferred to PVDF membranes (Amersham). Non-specific binding was blocked with 3% dry milk in PBS. Proteins were probed with anti-BMAL1 antibody (Santa Cruz Biotechnology), anti-RORα antibody (Santa Cruz Biotechnology), anti-ACTIN antibody (Millipore) or anti-LAMIN A/C antibody (Santa Cruz Biotechnology) and then incubated with horseradish peroxidase-conjugated anti-mouse or anti-goat IgG (Upstate). Immunoreactive proteins were visualized using ECL (Amersham) according to the manufacturer's instructions.
Excess and knockdown of Bmal1 expression
The Bmal1 plasmid that were used for overexpression has been described [15] . The Stealth RNAi siRNA duplex for Bmal1 knockdown and BLOCK-iT Fluoescent Oligo as a negative control were purchased from Invitrogen. The stealth RNAi was the mixture of 3 siRNAs and these sequences were as follows: 5'-AUA ACA UGA UGU ACC UAG AAG UUC C-3' and 5'-GGA ACU UCU AGG UAC AUC AUG UUA U-3'; 5'-UUG UCU GGC UCA UUG UCU UCG UCC A-3' and 5'-UGG ACG AAG ACA AUG AGC CAG ACA A-3'; 5'-UUU GGA UGC AGG UAG UCA AAC AAG C-3' and 5'-GCU UGU UUG ACU ACC UGC AUC CAA A-3'. The plasmid and siRNAs were introduced into cells using HilyMax (DOJINDO).
Results
Lycorine and lycoricidinol extend the circadian period
To determine whether or not the Lycoris alkaloids, lycorine and lycoricidinol affect circadian rhythms, lycorine and lycoricidinol were analyzed using real-time reporter gene assays and an established stable clone [11] . Figure   1A shows representative results of real-reporter gene assays using stable cells with lycorine, indicating that the period length of the cells incubated without (gray) and with 5 µM lycorine (black) were 25.1 ± 0.98 and 30.6 ± 0.73 h, respectively. Moreover, lycorine dosedependently extended the circadian period for up to 8 h (Fig. 1B) and lycoricidinol, another derivative of Lycoris alkaloid also dose-dependently extended the circadian period ( Fig. 1C and D) . We next investigated whether or not the period extended by lycorine and lycoricidinol is transient. Stable reporter cells that have been incubated once with these alkaloids and then washed out were used in real-time reporter assays. The period lengths after washout were 28.5 ± 1.17 and 24.5 ± 0.59 h, respectively whereas those with lycorine and lycoricidinol before washout were 33.8 ± 1.64 and 30.0 ± 1.50 h, respectively (Fig. 2) . On the other hand, the period length of the cells incubated with vehicle did not differ between before and after washout (Fig. 2) . These results Onishi/Kawano/Yamazaki indicate that the period length elongated by lycorine or lycoricidinol was shortened almost to that of the control cells, suggesting that elongation of the period induced by lycorine and lycoricidinol is reversible.
Period elongation is independent of protein synthesis inhibition
A major actions of lycorine is the inhibition of protein synthesis [16] and therefore, the amplitude of circadian oscillation increased after washing the alkaloids (Fig. 2) . To evaluate the effect of protein synthesis on the circadian period, we studied the effect of cycloheximide (a protein synthesis inhibitor) on circadian rhythms using real-time reporter gene assays. Inhibition of protein synthesis of 5 µM lycorine [16] is comparable to that of 25 ng/ ml cycloheximide [17] . According to the concentration of cycloheximide, the phase of circadian oscillation was delayed and its amplitude was reduced (Fig. 3) . On the other hand, circadian period did not significantly change, suggesting that the length of the circadian period was not dependent on the effect of cycloheximide. Moreover, lycorine induced dose-dependent period elongation regardless of the presence of cycloheximide, which did not additively affect period elongation induced by lycorine (Table 1) . Although inhibition of translation blocks cell proliferation [17] and lycorine induces apoptosis of tumor cells [18] , cell growth assays showed that the cells proliferated in the presence of 1 µM lycorine and that the cell viability incubated with 10 µM of lycorine at 4 days was 77.2% (Fig. 4) . Taken together, these results suggest that lycorine dose-dependently extends the circadian period via a mechanism other than translational inhibition.
Lycorine and lycoricidinol enhance Bmal1 transcription
Elongation of the circadian period of Bmal1 transcription indicates a change in Bmal1 transcription. Both lycorine and lycoricidinol activated Bmal1 expression up to 3.5-fold after 24 h (Fig. 5A) . To determine how Bmal1 transcription increased, we analyzed RORα, a major positive transcription factor for Bmal1, recognition sequences for which are found in the reporter gene [11] . Real-time RT-PCR experiments showed that lycorine and lycoricidinol increased RORα transcription, particularly after their 24 h, implying that both of them activate Bmal1 transcription via the induction of RORα transcription (Fig.  5B ). To evaluate whether or not BMAL1 and RORα protein levels are enhanced by lycorine, Western blot analysis using anti-BMAL1 and anti-RORα antibodies proceeded. As reported previously [19] , several phosphorylated forms of BMAL1 were detected and an increase of BMAL1 protein (especially phosphorylated forms) was observed by lycorine and lycoricidinol (Fig.  6A) , suggesting that lycorine and lycoricidinol enhance BMAL1 protein level. Nuclear phosphorylated RORα slightly increased at 12 h after incubation with lycorine and lycoricidinol whereas neither phosphorylated nor unphosphorylated form of cytosolic RORα showed the change of protein level (Fig. 6B) . These results also support the above hypothesis that lycorine and Onishi/Kawano/ Yamazaki   Fig. 6 . Western blot analysis of BMAL1 and RORα. NIH3T3 cells were cultured with 5 µM lycorine or 0.1 µM lycoricidinol for indicated periods, and then whole cell lysate (A) or nuclear (Nuc.) and cytosolic (Cyto.) fractions were prepared as described [11] (B) and analyzed by Western blotting. Triangles and asterisks indicate phosphorylated and unphosphorylated forms, respectively. BMAL1 with anti-BMAL1 antibody; RORα, with anti-RORα antibody; Actin, antiactin antibody; Lamin, with anti-lamin A/C antibody. lycoricidinol activate Bmal1 transcription.
We then evaluated the relationship between the level of Bmal1 gene expression and period length. A Bmal1 expression plasmid was transfected into stable reporter cells to increase Bmal1 expression, and then the circadian period was analyzed using real-time reporter assays. Figure 7A shows that the circadian periods of cells transfected with the Bmal1 expression vector (black) or with control vector (gray) were 25.9 ± 0.59 and 24.5 ± 0.50 h, respectively (p = 0.0019). Knockdown experiments using siRNA to reduce Bmal1 expression and real-time reporter gene assays with siRNA showed that the circadian periods of the cells harboring Bmal1 siRNA (black) and control siRNA (gray) were 23.2 ± 0.51 and 25.2 ± 0.53 h, respectively (Fig. 7B) . These data indicate that the phenotype of the erratic Bmal1 gene regulation was associated with significantly longer and shorter circadian periods, respectively and that the amount of Bmal1 expression is related to circadian rhythms.
Discussion
Amaryllidaceae alkaloids
Various plant families have been used as therapeutic agents against various diseases for thousands years and extracts of the Amaryllidaceae family have been used as herbal remedies. The diverse alkaloids of this family have a wide range of biological activities [8] . Galanthamine was the first commercially available selective, reversible and competitive acetylcholine esterase inhibitor generated from Amaryllidaceae alkaloids that was used to treat Alzheimer's disease. Lycorine was the first antiviral alkaloid discovered in the Amaryllidaceae family and it is also a powerful inhibitor of cell division and growth in higher plants [20] . Lycoricidinol, also known as narciclasine was isolated in 1967 from Narcissus (Amaryllidaceae species) bulbs based on its ability to inhibit the growth of wheat grain radicles [21] . These Lycoris alkaloids arise from the common intermediate, norbelladine, which undergoes different cyclization, possibly followed by the rearrangement and/or elimination of two carbons, ring opening, and/or recyclization to provide a variety of skeletons [12] . Lycoris alkaloids have various biological properties such as protein biosynthesis inhibition [16] , interference in vitamin C biosynthesis [22] , pro-apoptotic effects [18] , anti-apoptotic activity [23] and DNA interaction [24] . Thus, Lycoris alkaloids should have potential as novel anti-cancer [12] , antiviral, anti-inflammatory and antimalarial agents [20] . In addition, lycorine inhibits acetylcholine esterase activity, which might be expected to restore the acetylcholine levels and cholinergic functions of the brain among patients with Alzheimer's disease [13] .
Here, we showed that lycorine and its derivative, lycoricidinol dose-dependently extended the circadian period (Fig. 1) , and this is the first report to describe a circadian modulating function of Lycoris alkaloids. Analyses of structure-activity relationships confirmed the importance of the chemical structure, such as the presence of a positively charged nitrogen atom, molecular planarity and appropriately positioned alkoxy functions for the biological activities of Lycoris alkaloids [25] . Both lycorine and lycoricidinol extended the circadian period, suggesting that they have structural similarity for this activity.
Circadian rhythm and protein synthesis
The clock system consists of autoregulatory transcriptional and translational feedback loops and the protein modification of clock components such as phosphorylation which affects the protein stability or the protein amount and thus is important for circadian rhythms [26] . Figure 3 shows that cycloheximide, a protein synthesis inhibitor, little affected the circadian period whereas the phase of circadian oscillation was delayed and the amplitude was reduced. Cycloheximide at 0.02 µg/ ml reduces protein synthesis by 50% in NIH3T3 cells [17] , which are the parental cells of the stable cells used in this study. Recently proposed clock system in Gonyaulax controls protein synthesis at the translational level [27] . Even in this system, pulses of protein synthesis inhibitors cause phase shifts and not period changes, findings that are supported by our results (Fig. 3) , suggesting a common feature of the circadian system. Inhibition of de novo protein synthesis stabilizes mRNAs with a short half-life [28] and we also observed an increase of Bmal1 mRNA by lycorine and lycoricidinol (Fig. 5A) . The BMAL1 protein level increased after treatment with lycorine and lycoricidinol (Fig. 6A) , whereas protein synthesis inhibitors result in the rapid loss of proteins [29] . Although the inhibition of protein synthesis has been considered the major pharmaceutical activity of lycorine [16] , cycloheximide did not affect lycorine-induced elongation of the circadian period (Table 1) . Taken together, these results suggest that lycorine dose-dependently extends the circadian period by a novel mechanism other than translational inhibition.
Circadian rhythms and cell growth
Lycoris alkaloids have promising anti-tumor properties through arresting the cell cycle and inducing apoptosis [18] . Lycoricidinol has amore powerful antitumor activity than lycorine [10] and elongates the period elongation at a lower concentration (Fig. 1) , implying a relationship between the effect of period elongation and anti-tumor activities. Unsal-Kacmaz et al. have proposed two models for coupling of circadian and cell cycles [30] . One is the serial coupling model. In this mode of synchronization of the two cycles, proteins or reactions belonging primarily to the circadian cycle regulate the expression of genes controlling the cell cycles. The other is the direct coupling model. In this mode a protein such as Tim directly participates in the molecular machineries of both cycles, and both cycles might collapse as a consequence of eliminating this protein.
The growth of stable cells incubated with 10 µM of lycorine was arrested; the cell viability at 4 days was 77.2% (Fig. 4 ) and the period elongation was 8.6 h. In contrast, the cells proliferated in the presence of 1 µM lycorine (Fig. 4) , and the period elongation was 1.3 h. Increasing the concentration of cycloheximide causes total depletion of cells at the G1 and S phases [17] but does not affect the circadian period (Fig. 3) . These results do not indicate the direct relationship between period elongation and anti-tumor activities, suggesting that the period elongation is a novel pharmaceutical activity of lycorine.
Circadian regulation of Bmal1 transcription
Bmal1 transcription shows circadian oscillation, whose critical cis-element is the RORE [2] , and the Bmal1 promoter region of the reporter gene contains ROREs, where ROR and REV-ERB families can bind [11] . Lycorine and lycoricidinol enhanced Bmal1 transcription after a 24-h incubation (Fig. 5A) and gradually increased the transcription of RORα, the major Bmal1 activator (Fig. 5B) , suggesting that Lycoris alkaloids enhance Bmal1 transcription via RORα activation. This was also supported by the result that Lycoris alkaloids enhanced nuclear RORα level (Fig. 6B) .
Enhanced Bmal1 expression in the stable reporter cells represent the long period phenotype (Fig. 7A) , which is consistent with the effects of lycorine and lycoricidinol. These and our previous findings that enhanced RORα expression in stable reporter cells represent the long period phenotype are consistent [11] . Recently, Lee et al. have reported that the stoichiometric relationship between clock proteins is critical for the robustness of circadian rhythms and demonstrated that overexpression of BMAL1 significantly lengthens the circadian period [31] . Furthermore, knockdown of Bmal1 expression by siRNA resulted in the short period phenotype (Fig. 7B) . Taken together, these results suggest that the modulation of Bmal1 expression affects the circadian period, which plays a role in period elongation induced by Lycoris alkaloids. The huge difference between 8 h (10 µM lycorine effect) and 1.4 h (Bmal1 overexpression) existed (Fig. 1B and  7A ), whereas lycorine treatment did not cause higher BMAL1 and nuclear RORα levels than that resulted from Bmal1 overexpression (Fig. 6) . Lycoris alkaloids enhanced BMAL1 and nuclear RORα levels and both were phosphorylated forms (Fig. 6) . Functions of BMAL1 [19] and RORα [32] are modulated by phosphorylation. The importance of PER phosphorylation kinetics for the circadian period determination has recently been described [33] . These data imply the possibility of phosphorylation of clock proteins by Lycoris alkaloids. Effects of Lycoris alkaloids on the protein phosphorylation has not been fully elucidated yet and it has been reported that lycorine shows the inhibition of p38 and STATs, or dephosphorylation of these proteins [34] , implying that the circadian period elongation by Lycoris alkaloids may be brought by the synergic effect, enhancement of BMAL1 and other biochemical activities such as protein phosphorylation. A more precise mechanism of period elongation should be elucidated and Lycoris alkaloids will be useful tools with which to analyze the circadian mechanism.
Chronotherapeutic insight into phyto-alkaloids
Plant extracts have been used for millennia as herbal remedies and alkaloids are their major phyto-constituents. Lycoris alkaloids are acetylcholine esterase inhibitors with anti-inflammatory, antimalarial and antitumor activities. Both biological events and drug metabolism are under the control of the circadian clock and therefore not only circadian rhythms, but also the pharmacokinetics, effects and safety of chronopharmaceuticals (pharmaceuticals that focus on biological rhythms) should be considered in terms of risk for disease [35] .
Galanthamine, an Amaryllidaceae alkaloid is a long acting, selective, reversible and competitive acetylcholinesterase inhibitor that has been marketed as a hydrobromide salt under the name Reminyl for the treatment of Alzheimer's disease. Circadian rhythms are often disturbed in patients with Alzheimer's disease [6] . In addition, modulating the natural circadian fluctuations of central cholinergic transmission is an important factor for improvement when using galanthamine to stimulate central cholinergic transmission in Alzheimer's disease [36] . Here, we showed that Lycoris alkaloids also have an acetylcholinesterase inhibition activity [13] and elongate the circadian period ( Fig. 1 ) and our findings provide new insight into achieving optimal benefits from chronopharmaceutical therapy using Amaryllidaceae alkaloids by avoiding interference with circadian rhythms.
